Glucose-6-phosphate dehydrogenase was partially purified from both glucosegrown and iron-glucose-grown Thiobacillus ferrooxidans. The enzyme possesses a dual nucleotide specificity for either nicotinamide adenine dinucleotide phosphate (NADP) or nicotinamide adenine dinucleotide (NAD) and has a molecular weight of 1 10,000 as determined by gel electrophoresis. Evidence is presented that T. ferrooxidans glucose-6-phosphate dehydrogenase is identical when isolated from cells grown mixotrophically (iron-glucose grown) or Glucose-6-phosphate dehydrogenase (G6PD) and the enzymes of the Entner-Duodoroff pathway are induced when Thiobacillus ferrooxidans is adapted to heterotrophic growth on glucose (23). This induction has been reported for several autotrophic bacteria, namely Hydrogenomonas H-16 (6), H. eutropha (10), Rhodopseudomonas capsulata (5) and T. intermedius (17). Perhaps the key enzyme in the heterotrophic metabolism of these organisms is G6PD, the first enzyme of the metabolic pathway by which glucose is dissimilated. This enzyme is repressed and barely detectable in cell-free extracts from autotrophically grown bacteria (22). Partially purified G6PD from Hydrogenomonas H-16 (2) and from R. spheroides (19) has been shown to be regulated by adenosine triphosphate (ATP) in an alldsteric manner. The enzyme from T. intermedius, however, does not appear to show sigmoidal inhibition with ATP (17); these experiments, however, were performed by using crude cell-free extracts. In addition, further differences were noted in extracts of Euglena gracilis (19) which was not noticeably inhibited by 5 mm ATP; also, ATP did not have any effect on the substrate saturation curve.
Glucose-6-phosphate dehydrogenase (G6PD) and the enzymes of the Entner-Duodoroff pathway are induced when Thiobacillus ferrooxidans is adapted to heterotrophic growth on glucose (23) . This induction has been reported for several autotrophic bacteria, namely Hydrogenomonas H-16 (6), H. eutropha (10) , Rhodopseudomonas capsulata (5) and T. intermedius (17) . Perhaps the key enzyme in the heterotrophic metabolism of these organisms is G6PD, the first enzyme of the metabolic pathway by which glucose is dissimilated. This enzyme is repressed and barely detectable in cell-free extracts from autotrophically grown bacteria (22) . Partially purified G6PD from Hydrogenomonas H-16 (2) and from R. spheroides (19) has been shown to be regulated by adenosine triphosphate (ATP) in an alldsteric manner. The enzyme from T. intermedius, however, does not appear to show sigmoidal inhibition with ATP (17) ; these experiments, however, were performed by using crude cell-free extracts. In addition, further differences were noted in extracts of Euglena gracilis (19) which was not noticeably inhibited by 5 mm ATP; also, ATP did not have any effect on the substrate saturation curve.
T. ferrooxidans differs from the above organisms in requiring a highly acidic environment for growth (pH of below 3.0). In addition, the preferred inorganic substrate of this organism is ferrous iron, an energy source restricted to few I Present address: Department of Chemistry, Washington State University, Pullman, Wash. 99163. organisms. Since glucose metabolism by this organism proceeds almost exclusively via the Entner-Doudorof and pentose-phosphate pathways, an investigation was made of the first enzyme common to both schemes, namely G6PD. Results from such an investigation will contribute to an understanding of how this enzyme is regulated and how it may control the heterotrophic potential of this organism.
MATERIALS AND METHODS
Organism and preparation of cell-free extracts. The procedures for growing, harvesting, and preparing crude cell-free extracts have been described (23) . This report will refer to autotrophic cells as iron-grown cells, mixotrophic cells as iron-glucose-grown cells, and heterotrophic cells as glucose-grown cells (23) .
Enzyme assays. The assay for G6PD has been described in an earlier paper (22) . The reduction of nicotinamide adenine dinucleotide phosphate (NADP) or nicotinamide adenine dinucleotide (NAD) was measured at 340 nm in 3-ml cuvettes with a 1-cm light path. When reduced NAD (NADH) was included in the cuvette, the reduction of NADP Stains to detect enzyme activity were performed in 6% gels by placing gels in small tubes protected from the light. The tubes contained the assay components with the addition of phenazine methosulfate (PMS) and nitrobluetetrazoloum (NBT) at 0.056 and 1.90 mg/ml, respectively. The gels were incubated for 15 min at room temperature after which they were stored in 10% trichloroacetic acid. Gels placed in tubes lacking substrate were not stained. The position of the enzyme in the gel was determined by scanning stained gels at 600 nm in a Gilford spectrophotometer with a linear transport attachment. The relative mobility of the stained enzyme (Rm) was defined as the ratio of the migration (cm) of the enzyme from the origin to the migration (cm) of the dye front from the origin.
In all cases, enzyme was layered on the lower gel in 5% sucrose and electrophoresed at 9.3 by using the anionic system described in the pamphlet "Instructions for the Polyanalyst," (Buchler Instruments, Inc., Fort Lee, N.J.). The current was maintained at 3 ma per gel. Molecular 
RESULTS
Purification of enzyme. All enzyme purification steps reported were conducted at 0 to 4 C. All centrifugations were performed at 35,000 x g in a Sorvall RC2-B centrifuge. The sequential treatments were:
Step 1. The crude cell-free extract of T. ferrooxidans, prepared as reported (23) , was frozen in a dry ice-ethanol bath at -20 C. The extract was stored at this temperature until needed. At this time, the frozen extract was thawed and then centrifuged for 20 min; the resulting precipitate was discarded. The remaining supernatant fluid was then centrifuged at 105,000 x g in a model L-2 preparative ultracentrifuge (Beckman Instruments, Inc.) The pellet was again discarded, whereas the clear yellow-orange supernatant fluid was used for enzyme purification.
Step 2. To the supernatant fluid centrifuged at 105,000 x g, solid ammonium sulfate was added slowly with stirring over a period of 15 Step 3. The 50% ammonium sulfate precipitate was suspended in a minimum amount of 0.05 M tris(hydroxymethyl)aminomethane (Tris )-hydrochloride buffer (pH 7.9) and applied to a Sephadex G-200 column (2.5 by 30 cm), equilibrated with 0.05 M Tris-hydrochloride (pH 7.9) and eluted with the same buffer, collecting 10-ml fractions. G6PD from iron-glucose-grown T. ferrooxidans was eluted from the Sephadex G-200 column just after the major protein peak. This elution profile was obtained also with preparations from glucose-grown cells. Enzyme of high specific activity was usually found in a single tube, and this material was used in all future purification steps.
Step 4. The eluate from the Sephadex column was fractionated with ammonium sulfate, first to 35% saturation and then to 50% saturation as before. The precipitate was collected by centrifugation and resuspended in a minimum volume of 0.05 M Tris-hydrochloride, pH 7.9. This material was either chromatographed on a small Sephadex G-200 column (1.5 by 20 cm) as in the case of enzyme from glucose-grown cells or was dialyzed against two I-liter changes of 0.05 M Tris-hydrochloride buffer (pH 7.9) as in the case of enzyme from iron-glucose-grown cells (9KG cells).
Step 5. The enzyme from the glucose-grown cells was eluted off the small G-200 column by 0.05 M Tris-hydrochloride, pH 7.9, in 4 ml fractions. Usually one of these fractions contained the highest specific activity, and this fraction was used for all subsequent experiments. Further purification was unsuccessful.
The dialyzed preparation from 9KG cells was further purified by negative Ca3(PO4)2 gel absorption; Ca,,(P04)2 gel, purchased commercially, was added at a ratio of 3 mg of calcium phosphate to every 2 mg of protein. This mixture was stirred for 15 min slowly and then centri-fuged for 20 min. The supernatant fluid was then treated again with additional calcium phosphate (3 mg to every 2 mg of protein). The resulting supernatant fluid, following centrifugation, was used in all cases as the enzyme from 9KG cells. Table 1 gives a summary of the purification of G6PD from cell-free extracts of 9KG cells. The enzyme, after treatment with calcium phosphate gel, was purified about 90-fold over the crude cell-free extract with a recovery of about 15%. Disc gel electrophoresis of this enzyme preparation stained for protein showed one large band with several minor bands.
The enzyme from glucose-grown T. ferrooxidans was purified about 150-fold with about a 4% recovery (Table 2 ). This preparation also gave one large major band on polyacrylamide gels stained for protein along with six or seven minor electrophoretic components.
For both purified preparations, neither NADH nor NADPH oxidase nor 6-phosphogluconate dehydrogenase, enzymes capable of interfering with the assay of G6PD, was detected. The enzyme from 9KG or glucosegrown cells was stored frozen at -20 C in small samples. Upon thawing, 10 to 15% of the activity was lost. Activity was gradually lost at room temperature (50% within 10 hr).
Enzyme activity of the purified preparation was linear with protein (from 0 to 20 ,ug of protein) by using either the NADP-or NAD-linked reaction.
Pyridine nudeotide specificity of G6PD. T. ferrooxidans G6PD at each stage of the purification was capable of utilizing either NADP or NAD as coenzyme (Table 3 ). The ratio of the NADPlinked activity with respect to the NAD-linked reaction at each purification stage was 0.8 to 0.9, indicating that there was a single enzyme capable of both NADP and NAD reduction. The confirmation for the dual nucleotide specificity of T. ferrooxidans G6PD dehydrogenase was shown by activity staining on polyacrylamide gels. When the enzyme from 9KG cells was electrophoresed and gels were stained for enzyme activity, similar scanning profiles were obtained in the presence of both coenzymes (Fig. IA) . In each case, a large enzyme peak (peak a) and a smaller peak (peak b) were found. The enzyme isolated from glucose-grown cells and stained in the prtsence of both NADP and NAD exhibited similar profiles (Fig. lB) . The Rm values of each enzyme preparation, stained in the presence of both NADP and NAD, are compared in Table 4 . The data indicate that for both the 9KG and glucosegrown cell preparation, a single enzyme catalyzes both NADP-and NAD-linked activity. Moreover, the Rm values for the enzyme from both 9KG and glucose-grown cells are the same. The partially purified enzyme from each source exhibits identical NADP-NAD activity ratios. The same coenzyme activity ratios were found for the enzyme from iron-grown cells (23 (Fig. 2) . The slopes of the lines obtained were essentially the same for each preparation. When these slopes were fitted to a standard curve relating the known molecular weight of several proteins to the slopes obtained from log Rm versus the percentage of gel concentration plots, the molecular weight of T. ferrooxidans G6PD was determined to be 110,000.
Effect of pH on G6PD activity. When the enzyme was assayed with NADP at different pH values of Tris buffer, a relatively sharp optimum was obtained at pH 7.8 to 7.9 (Fig. 3) . Enzyme activity with NAD as coenzyme differed in that no activity was obtained at pH values below 7.5; a relatively broad pH optimum was observed from pH 8.0 to 8.5 (Fig. 3) . This pattern emerged regardless of the source of enzyme.
Activation by magnesium ions. G6PD purified from several microbial sources has been reported to be activated by Mg2+ ions (8, 12, 21) , yet this cation is not an absolute requirement for activity. Recently, it has been reported that the Escherichia coli enzyme retained 20% of its activity in the absence of divalent cations (21 ) . The enzyme from T. ferrooxidans retains 50% of its activity in the absence of Mg2+. The effect of Mg2+ on the velocity of the reaction catalyzed by T. ferrooxidans G6PD is shown in Fig. 4 . From the Lineweaver-Burk plot (insert, Fig. 4 ever, at higher concentrations, this effect was markedly diminished (Fig. 5) . At optimum concentrations of both cations, Mg2+ was twice as effective.
Apparent Michaelis constants. The Michaelis constants for NADP, NAD, and glucose-6-phosphate were obtained by conventional procedures for the enzyme isolated and purified from iron-glucose grown bacteria, (Fig. 6A, B, C) . For G6PD isolated from glucose-grown cells, Michaelis constants for each of the above substrates were obtained similarly (Fig. 7A, B, C) ; the values obtained were comparable to the enzyme from 9KG glucose grown cells, but were not identical in all cases, possibly reflecting differences in specific activity. In all cases, hyperbolic curves were obtained from velocity versus substrate concentration plots. There was no apparent sigmoidicity.
Effect of NADH. NADH has been reported to inhibit G6PD isolated from E. coli in an allosteric manner (21) . However, G6PD isolated from the chemolithotroph T. ferrooxidans does not exhibit a sigmoidal inhibition curve with NADH (Fig. 8) , indicating that NADH is not an allosteric effector in this case. Other workers (2) have previously shown that the enzyme from the facultative chemolithotroph Hydrogenomonas H-16 (grown on fructose) is noncompetitively inhibited by NADH. Thus, from results with at least two different autotrophic species, NADH does not appear to be an allosteric effector for G6PD. In addition, Olive, Geroch, and Levy (J. that homogeneous Leuconostoc mesenteroides G6PD is not allosterically affected by NADH. Effect of ATP. ATP has been implicated as an allosteric effector which modifies the glucose-6-phosphate concentration dependence of velocity for G6PD isolated and purified from a number of microbial sources (2, 12, 19) . The ATP concentration on the velocity of G6PD isolated from T. ferrooxidans, assayed with NADP, is plotted in Fig. 9 . The kinetics for this inhibition by ATP at various concentrations of glucose-6-phosphate are shown in Fig. 10 . In no instance did ATP affect the hyperbolic nature of the velocity versus substrate concentration curve. From double-reciprocal plots (Fig. IOA) , it appears that ATP inhibits in a nearly competitive manner when NADP is used as coenzyme. Dixon plots (Fig. IOB) confirm the inhibition by ATP and reflect the apparent sigmoidicity found in Fig. 9 ; a K1 for ATP of approximately 3 mm is obtained at 50% inhibition (Fig. 9 ). Hill plots (Fig. IOC) of these data give slopes of 0.9 to 1.2. ATP does not appreciably change the slope and the values for n obtained.
ATP exhibits a profound effect on the NADlinked reaction (Fig. 11) . The kinetics of the ATP inhibition of the NAD-linked reaction with respect to varying glucose-6-phosphate concentration are shown in Fig. 12 (Fig. 12A) when NAD is used as coenzyme. Dixon plots (Fig. 12B) (Fig. 9) . Thus, ATP is 10 times more inhibitory to the NAD-linked reaction. Hill plots give slopes of 0.9 to 1.1 in the absence or presence of ATP (Fig. 12C) for the NAD reaction.
Effect of other adenine nucleotides. Inhibition was restricted to ATP among adenine nucleotides tested; ADP, AMP, and cyclic-3',5'-AMP alone were ineffective ( (23) . It would then appear that regulatory processes are operating to control the synthesis of a single G6PD. These processes are affected by the substrate milieu in which the organism is grown. The conditions of growth do not appear to induce a change in enzyme property, be it structural or catalytic.
T. ferrooxidans G6PD is activated by Mg2+, and to a lesser extent by low concentrations of Mn2+. This property is shared by a number of bacterial G6PD; among these sources are E. coli (21) and Pseudomonas aeruginosa (12) . In contrast, however, G6PD from Leuconostoc mesenteroides (20) and Hydrogenomonas H-16 (2) is not activated by Mg2+. The enzyme from T. ferrooxidans, although inhibited by NADH, is not affected in an allosteric manner, as in E. coli (21) . Instead, the enzyme from T. ferrooxidans is similar to G6PD from the related organism, Hydrogenomonas H-16 (2) , where NADH inhibition is noncompetitive with respect to NADP. In addition, the inhibition of T. ferrooxidans G6PD by ATP Fig. 11 . A, B, and C are exactlY as described in Fig. 10. the enzyme from T. ferrooxidans nearly competitively with respect to glucose-6-phosphate concentration when NADP is used as the coenzyme; the K1 was calculated to be approximately 3 mm.
However, when NAD is the coenzyme, ATP inhibits competitively with respect to glucose-6-phosphate; in this case the Ki for ATP was determined to be 0.3 mm. There is apparently only one binding site for glucose-6-phosphate, since the slopes from the Hill plots gave values of n approximately equal to 1. G6PD from other autotrophic organisms, namely Hydrogenomonas H-16 (21) and R. spheroides (19) and from the heterotroph P. aeruginosa (12) , have values of n which varied from 2 to 3 indicating the presence
